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The aim of the study was to estimate the inﬂuence of the 2,4-dichlorophenoxy acetic acid and 2-methyl-
4-chlorophenoxyacetic acid on the uptake and translocation of Cd, Co, Ni, Cu, Zn, Pb and Mn by wheat
(Triticum aestivum L.). Two farmland soils typical for the central Polish rural environment were used.
Studies involved soil analyses, contents of bioavailable, exchangeable and total forms for all investigated
metals. Atomic absorption spectrometry was used to determine the concentration of the elements. The
best correlation between the herbicide rate and the metal concentration was visibly for the underground
part of plants. Analysis of variance proved that herbicide treatment of wheat frequently inﬂuences the
metal transfer from soil and their concentration in roots and shoots. In particular, higher herbicide rates
prompted the signiﬁcant increase of all metals concentration in roots. Additionally, transfer coefﬁcients
depended on the type of soil and the herbicide rate applied. Uptake of metals may be also inﬂuenced by
the formation of sparingly water-soluble metal-herbicide complexes. Its intensity would then depend on
the solubility of particular chemical entity with the low solvable Pb, Cu and Cd complexes being the least
mobile.
© 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Industrial production and agricultural activity often lead to
transfer of pesticides and heavy metals into the soil environment
(Gall et al., 2015; Nagajyoti et al., 2010; Page et al., 2014; Udeigwe
et al., 2015; Wuana and Okieimen, 2011). This issue was recog-
nized widely and prompted numerous studies on the accumulation
of metals in plants (Chang et al., 2014; Lee and Sung, 2014; Elekes
et al., 2010; Nadgorska-Socha et al., 2013; Wojcik et al., 2014).
However, investigations on the concurrent uptake of these ele-
ments from soils polluted with pesticides are quite limited indeed
(Mattina et al., 2003). In real systems these pollutants rarely appear
independently. It is therefore particularly important to understand
interactions of these toxic components in soil and plant environ-
ment altogether (Gutierrez-Gines et al., 2014; Lin et al., 2006; Liu
et al., 2015a; Wang and Zhou, 2006).
One of the most popular group of pesticides used throughout
the world and especially in Europe are phenoxyacetic herbicides
(Eurostat, 2007; Paszko et al., 2016). The total pesticidese by Prof. W. Wen-Xiong.
.
Ltd. This is an open access article uconsumption is continuously increasing, and according to Grube
et al. (2011) and Fenner et al. (2013) is approaching 2.5 million
metric tonnes. Due to their selective effects on broadleaf plants
phenoxyacetic acid herbicides are often used to protect grass and
grain crops (Monaco et al., 2002). Low price and high selectivity
prompted their wide usage in a modern, highly efﬁcient agricul-
ture. The most common representatives of this group are 2,4-
dichlorophenoxyacetic acid (2,4-D) and 2-methyl-4-
chlorophenoxyacetic acid (MCPA) (Eurostat, 2007). They are syn-
thetic auxins i.e. phytohormones which are involved in a range of
physiological processes essential for the proper plant growth. Their
mode of action is based on mimicking indole-3-acetic acid (IAA).
The auxins act in plant organisms at low concentrations by speciﬁc
binding to the AFB and ABP1 receptors located in the lipids cell
membrane (Grossmann, 2010; Flasinski et al., 2015). They stimulate
plant development by cell division and elongation, vascular dif-
ferentiation, root formation and apical dominance. On the other
hand, high herbicide concentrations signiﬁcantly disturb the
proper plant growth and trigger damage processes leading to the
ﬁnal plant destruction (Grossmann, 2003; Woodward and Bartel,
2005). Auxins are involved in upregulation of genes encoding
regulatory enzymes in abscisic acid (ABA) and ethylene biosyn-
thesis and further interfere with stomatal closure and reactivender the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Table 2
Metal concentrations (mg kg1) in soils used in the experiment (mean value ± SE,
n ¼ 3). Concentrations below the detection limit are indicated by the acronym ND.
Metal Soil 1 mg kg1 Soil 2 mg kg1
Form*
Cd a 0.30 ± 0.02 1.15 ± 0.06
b 0.14 ± 0.01 0.47 ± 0.03
c ND 0.24 ± 0.01
Co a 0.62 ± 0.06 1.75 ± 0.16
b 0.49 ± 0.01 0.74 ± 0.02
c ND ND
Ni a 3.10 ± 0.12 6.63 ± 0.22
b 0.57 ± 0.01 2.09 ± 0.05
c ND 0.20 ± 0.04
Cu a 9.24 ± 0.13 94.0 ± 2.6
b 2.60 ± 0.01 28.9 ± 1.8
c ND 0.33 ± 0.01
Zn a 28.3 ± 0.2 167 ± 1
b 12.0 ± 0.1 49.9 ± 2.8
c 1.40 ± 0.01 15.5 ± 0.3
Mn a 195 ± 5 351 ± 9
b 184 ± 3 208 ± 4
c 5.28 ± 0.08 6.17 ± 0.44
Pb a 9.75 ± 0.15 36.9 ± 0.7
b 8.44 ± 0.15 25.8 ± 1.4
c ND 1.07 ± 0.08
(*) a e total content, b e content of bioavailable forms, c e content of exchangeable
forms.
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thetic formulations are active for a signiﬁcantly longer time
(Grossmann, 2010).
The 2,4-D and MCPA are very often applied to protect wheat
which is one of the most widely cultivated crops in Poland and
Europe with the domestic production approaching 10 million
metric tonnes (Eurostat, 2015). Both compounds are introduced to
the environment in the form of suspensions containing their salts,
amides or esters (Grabinska-Sota et al., 2003; Moszczynski and
Białek, 2016). Their impact on living organisms is limited due to
the low toxicity, in particular when compared to the common
phosphoroorganic or chloroorganic pesticides (Peterson et al.,
1994; Rao, 2007; World Health Organisation, 2010). Despite this
fact, they bring considerable environmental risk when applied in
excess or without the usual care. To our knowledge concurrent
interactions of herbicides and metal ions in soil and plant tissues in
connection to their mobility and bioavailability have not been
extensively studied so far. In our previous work wheat was culti-
vated in pots under the laboratory conditions and further sprayed
after sprouting with solutions of 2,4-D and MCPA sodium salts.
Under these circumstances we ﬁrmly observed that wheat shoots
accumulated lower levels of metals than the control plants and
speculated that this effect resulted from the formation of sparingly
soluble metal complexes with phenoxyacetic ligands (Kobyłecka
et al., 2003, 2009; Kobyłecka and Skiba, 2008; Kobyłecka et al.,
2009). In present paper we extended and revised that work. The
number of heavy metals under investigation was signiﬁcantly
increased, their amounts were analyzed either in shoots and roots.
Metal migration was evaluated by translocation and bio-
accumulation factors.2. Materials and methods
2.1. Soils
Two representative farmland soils from the central Poland were
used in the study. Soil 1 represents the arable land of the typical
rural environment in the Skierniewice region, soil 2 was sampled
from the meadow which is subjected to lay farming. All samples
were collected accordingly to procedure given in the standard PN-
ISO 10381-4, 2007.
Soils were air-dried and sifted through a sieve with 2 mmmesh
diameter and ﬁnally stored in plastic containers. Soil pH was
measured by the potentiometric method in 1 mol L1 potassium
chloride solution (PN-ISO 10390, 1997). The well-established
gravimetric method for the determination of soil organic matter
by the mass loss at 550 C was applied (ASTM D2974-00, 2000;
Heiri et al., 2001; Schumacher, 2002). The grain size analysis was
performed according to Polish Standard PN-R-04032, 1998 with the
dedicated set of sieves. Exchangeable and bioavailable forms of
metals were determined in 1 mol L1 solutions of MgCl2 and HCl,
respectively (Tessier et al., 1979; Rauret, 1998; Zimmerman and
Weindorf, 2010). The total content of metals was evaluated by the
well-established soil decomposition method employing mixture of
sulphuric(VI) and hydroﬂuoric acids (Ostrowska et al., 1991).
Relevant results of soil analysis are summarized in Tables 1 and 2.Table 1
General properties of soils used in the experiment (mean ± SD, n ¼ 3).
Soil Reaction Organic matter conte
pH e H2O pH - KCl
1 6.15 ± 0.01 4.80 ± 0.01 4.34 ± 0.02
2 6.31 ± 0.02 5.02 ± 0.01 7.63 ± 0.112.2. Herbicides
Chemically pure sodium salts of 2,4-dichlorophenoxy acetic acid
(Aldrich) and 2-methyl-4-chlorophenoxyacetic acid (Lancaster)
were applied in cultivation experiments. Both compounds were
additionally puriﬁed (99.5%) by recrystallization from toluene or
water-ethanol (1:1) mixture, respectively. Concentrations of
spraying liquids were adjusted to follow the normal ﬁeld applica-
tion rates as recommended for phenoxyacetic herbicides i.e.
2 kg ha1. Additionally, higher rate of 4 kg ha1 was also tested. The
latter is rarely used to ﬁght heavy infestations when weeds are in
buds. It is at the verge of wheat resistance limit and occasionally
may inﬂict injures to plants (Ro _zanski, 1998). Solutions were pre-
pared by dissolving the respective amounts of 2,4-D or MCPA in
0.1 mol L1 NaOH and subsequent adjustment with 0.1 mol L1
hydrochloric acid to pH 7.0.2.3. Wheat cultures
Rywalka winter wheat (Triticum aestivum L.) seeds (quality class
A) from PPH „Rolpuch” Co. LTD Kutno were used in the study. All
plants were grown in pot experiments under the laboratory con-
ditions using procedure developed by Kobyłecka and Skiba (2008).
Main cultivation experiments were performed in two arrange-
ments, each was related to one type of soil. A single batch consisted
of ﬁve series of cultures with three pots giving ﬁfteen samples for
one arrangement altogether. The ﬁfth series in a batch was culti-
vated as a reference without addition of herbicides. Sprays were
applied in aweek after sowingwhen the plants were in a stage 11 ofnt % Granulometric composition %
1.0e0.1 mm 1.1e0.02 mm <0.02 mm
69.61 ± 0.69 20.50 ± 0.60 9.89 ± 0.08
90.56 ± 0.81 9.18 ± 0.09 0.25 ± 0.04
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Meier, 2001) growth scales. All cultures were terminated after
three weeks of growth (stage 13). The above-ground parts of plants
were cut while the roots were separated from soil by washing and
rinsing with distilled water. The entire harvest was dried at 55 C,
homogenized and ground.
2.4. Determination of metals in wheat shoots and roots
The weighted plant subsamples (0.7 g e shoots and 0.5 g e
roots) were digested in themixture of concentrated HNO3 and H2O2
(30%) (3:1, v/v) using the Anton PaarMultiwave 3000 closed system
instrument. The content of Cu, Zn and Mn was determined by the
FAAS (spectrometer GBC 932 plus) while Pb, Cd, Co and Ni were
analyzed by the GFAAS (spectrometer GBC, SensAA). Results are
summarized in Table 3e4. The reliability of the analytical proced-
ures was checked using certiﬁed references materials: INCT-MPH-2
(Dybczynski et al., 2004) and IAEA-V-10 (Reference sheet IAEA-V-
10). Detailed numerical data are given in Supplementary material
(Table S1).
2.5. Statistical analysis
A one way analysis of variance (ANOVA) as implemented in
OriginPro 2016 was used to test the inﬂuence of 2,4-D andMCPA on
heavy metals accumulation in wheat cultivated in soils 1 and 2.
Detailed numerical data are given in Supplementary material
(Table S2-S5).
2.6. Bioaccumulation, translocation and transfer factors
A plant uptake of metals from the soil was evaluated by transfer
coefﬁcient (TC) and bioaccumulation factor (BAF). The former is
deﬁned as the ratio of particular element concentration in roots
related to its content in the soil environment. BAF is described in a
similar way, as a quotient of metal concentration in shoots to that inTable 3
Metal contents (mg kg1) in roots and shoots of wheat cultivated in soil 1 without and w
Metal Reference 2.4-D
2 kg/ha1 4 kg/ha1
Roots Shoots Roots Shoots Roots
Cd 0.52 ± 0.01 0.26 ± 0.01 0.52 ± 0.03 0.23 ± 0.01 0.69 ± 0.06
Co 0.50 ± 0.03 0.03 ± 0.003 0.55 ± 0.08 0.06 ± 0.003 0.63 ± 0.02
Ni 5.51 ± 0.14 1.02 ± 0.07 4.99 ± 0.13 1.17 ± 0.03 9.55 ± 0.79
Cu 10.1 ± 0.1 9.38 ± 0.21 12.8 ± 0.7 9.87 ± 0.12 17.6 ± 1.6
Zn 103 ± 3 73.8 ± 0.5 164 ± 19 82.8 ± 1.4 193 ± 25
Mn 45.4 ± 0.8 76.7 ± 0.6 62.5 ± 0.9 68.0 ± 0.7 73.2 ± 4.6
Pb 2.72 ± 0.12 ND 3.58 ± 0.16 ND 5.51 ± 0.53
ND e metal concentration below the limit of detection.
Table 4
Metal contents (mg kg1) in roots and shoots of wheat cultivated in soil 2 without and w
Metal Reference 2.4-D
2 kg ha1 4 kg ha1
Roots Shoots Roots Shoots Roots
Cd 0.67 ± 0.03 0.38 ± 0.03 0.57 ± 0.07 0.18 ± 0.01 1.15 ± 0.05
Co 0.22 ± 0.04 0.03 ± 0.006 0.20 ± 0.01 0.01 ± 0.003 0.22 ± 0.03
Ni 1.58 ± 0.17 0.23 ± 0.05 1.59 ± 0.10 0.24 ± 0.02 1.98 ± 0.07
Cu 19.5 ± 0.1 12.7 ± 0.1 21.5 ± 1.7 11.1 ± 0.1 27.1 ± 1.4
Zn 110 ± 1 53.0 ± 1.2 119 ± 1 50.5 ± 0.6 143 ± 6
Mn 22.9 ± 2.3 17.7 ± 0.1 16.8 ± 0.2 13.6 ± 0.4 11.6 ± 1.3
Pb 4.73 ± 1.11 3.45 ± 0.61 4.82 ± 0.46 0.32 ± 0.07 7.22 ± 0.57soil (Chen et al., 2016; Galal and Shehata, 2015; Liu et al., 2015b).
Metal distribution inside the plant body was assessed by the
translocation factor (TF) which is the ratio of element concentration
in above ground part of the plant to that in roots (Shi and Cai, 2009;
Testiati et al., 2013; Xiao et al., 2015). TC's, TF's and BAF's computed
for ﬁve series of cultures in both soils 1 and 2 are presented in
Figs. 1e4 and S1-S2.3. Results
Soil analysis as summarized in Table 1 indicates that both soils 1
and 2 are acidic. They belong to mineral, sandy loam and mineral-
humus, loamy sand categories, respectively (PN-ISO 11259, 2001).
Concentrations of metal forms as presented in Table 2 do not
exceed the Maximum Allowable Concentrations (MAC) and Trigger
Action Values (TAV) tabulated for trace metals in agricultural soils
by Kabata-Pendias and Mukherje (2007). In soil 1 the proportion of
bioavailable forms is variable with the largest being observed for
manganese, lead and cobalt. Exchangeable forms of all metals are
very scarce indeed. Soil 2 is characterized by signiﬁcantly higher
metals content. The distribution of bioavailable form is more uni-
form with the largest observed for lead and manganese.
Exchangeable components of all metals except cobalt are clearly
visible.
The inﬂuence of 2,4-D and MCPA on heavy metals accumulation
was evaluated by one-way analysis of variance, results are outlined
in Figs. 5e8. Roots and shoots were treated separately.
The best correlation between the herbicide rate and the metal
concentration is visibly for the underground part of plants grown in
soil 1. Higher herbicide rates resulted in the increased content of all
metals in roots. A less clear situation was observed for mineral-
humus soil 2. Unexpectedly, the manganese content decreased
upon application of both herbicides. This may result from the
limited manganese bioavailability which depends strongly on the
soil environment properties (Adamczyk-Szabela et al., 2015;
Adriano, 2001; Kabata-Pendias, 2011).ith herbicides treatment (mean ± SE, n ¼ 3).
MCPA
2 kg/ha1 4 kg/ha1
Shoots Roots Shoots Roots Shoots
0.24 ± 0.01 0.53 ± 0.01 0.20 ± 0.01 0.72 ± 0.03 0.21 ± 0.01
0.09 ± 0.002 0.52 ± 0.07 0.04 ± 0.01 0.60 ± 0.01 0.07 ± 0.003
1.59 ± 0.01 4.61 ± 0.55 1.02 ± 0.10 12.0 ± 0.3 1.19 ± 0.07
9.33 ± 0.29 11.0 ± 0.9 9.72 ± 0.11 12.60 ± 0.3 11.1 ± 0.1
88 ± 2 103 ± 3 74.8 ± 0.5 184 ± 11 87.6 ± 0.8
57.5 ± 2.6 63.6 ± 2.9 73.3 ± 0.5 68.6 ± 1.9 66.7 ± 1.2
ND 3.69 ± 0.20 ND 6.64 ± 0.12 ND
ith herbicides treatment (mean ± SE, n ¼ 3).
MCPA
2 kg ha1 4 kg ha1
Shoots Roots Shoots Roots Shoots
0.20 ± 0.03 0.89 ± 0.01 0.24 ± 0.01 0.80 ± 0.03 0.18 ± 0.01
0.02 ± 0.003 0.23 ± 0.03 0.06 ± 0.005 0.41 ± 0.05 0.05 ± 0.006
0.26 ± 0.02 1.38 ± 0.04 0.30 ± 0.05 2.14 ± 0.03 0.28 ± 0.05
10.6 ± 0.2 25.8 ± 1.3 10.9 ± 0.2 34.1 ± 1.3 9.6 ± 0.34
51.4 ± 1.5 137 ± 1 56.5 ± 0.7 143 ± 6 56.8 ± 0.7
10.2 ± 0.4 7.14 ± 0.50 8.88 ± 0.58 8.97 ± 0.53 3.40 ± 0.43
0.55 ± 0.12 4.11 ± 0.06 2.47 ± 0.17 7.75 ± 0.84 1.71 ± 0.09
Fig. 1. Transfer coefﬁcients (TC) of heavy metals (mean ± SD, n ¼ 3) from soil 1 to
wheat cultivated without and with herbicide treatment: a) reference; b) 2 kg ha1 of
2,4-D; c) 4 kg ha1 of 2,4-D; d) 2 kg ha1 of MCPA; e) 4 kg ha1 of MCPA. TC is the ratio
of particular element concentration in roots related to its content in soil.
Fig. 2. Transfer coefﬁcients (TC) of heavy metals (mean ± SD, n ¼ 3) from soil 2 to
wheat cultivated without and with herbicide treatment: a) reference; b) 2 kg ha1 of
2,4-D; c) 4 kg ha1 of 2,4-D; d) 2 kg ha1 of MCPA; e) 4 kg ha1 of MCPA. TC is the ratio
of particular element concentration in roots related to its content in soil.
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of wheat cultivated in soil 1. In particular, signiﬁcant decreases of
cadmium andmanganese concentrations were detected upon plant
Fig. 3. Translocation factor (TF) of heavy metals (mean ± SD, n ¼ 3) in wheat cultivated
in soil 1 without or with herbicide treatment: a) reference; b) 2 kg ha1 of 2,4-D; c)
4 kg ha1 of 2,4-D; d) 2 kg ha1 of MCPA; e) 4 kg ha1 of MCPA. TF is the ratio of
particular element concentration in shoots related to its content in roots.
Fig. 4. Translocation factor (TF) of heavy metals (mean ± SD, n ¼ 3) in wheat cultivated
in soil 1 without or with herbicide treatment: a) reference; b) 2 kg ha1 of 2,4-D; c)
4 kg ha1 of 2,4-D; d) 2 kg ha1 of MCPA; e) 4 kg ha1 of MCPA. TF is the ratio of
particular element concentration in shoots related to its content in roots.
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Fig. 5. The inﬂuence of 2,4-D and MCPA on heavy metals accumulation in roots of
wheat cultivated in soil 1 as evaluated by one-way Anova at the 0,95 probability level.
Grey colour shows combination for which the average metal concentration in a plant
tissue increased after the herbicide treatment. Black colour represents decrease of
respective metal concentration while white indicates no change.
Fig. 6. The inﬂuence of 2,4-D and MCPA on heavy metals accumulation in roots of
wheat cultivated in soil 2 as evaluated by one-way Anova at the 0,95 probability level.
Grey colour shows combination for which the average metal concentration in a plant
tissue increased after the herbicide treatment. Black colour represents decrease of
respective metal concentration while white indicates no change.
Fig. 7. The inﬂuence of 2,4-D and MCPA on heavy metals accumulation in shoots of
wheat cultivated in soil 1 as evaluated by one-way Anova at the 0,95 probability level.
Grey colour shows combination for which the average metal concentration in a plant
tissue increased after the herbicide treatment. Black colour represents decrease of
respective metal concentration while white indicates no change. ND e metal con-
centration below the limit of detection.
Fig. 8. The inﬂuence of 2,4-D and MCPA on heavy metals accumulation in shoots of
wheat cultivated in soil 2 as evaluated by one-way Anova at the 0,95 probability level.
Grey colour shows combination for which the average metal concentration in a plant
tissue increased after the herbicide treatment. Black colour represents decrease of
respective metal concentration while white indicates no change.
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opposite effect was recognized. Copper and nickel contents
increased only at the higher rates of MCPA and 2,4-D, respectively.
The stronger effect was observed at lower herbicide rates for zinc
and cobalt. The lead concentration was below the detection limit
(2,5 ppb). In soil 2 the nickel concentration in shoots was resistant
to the plant treatments. Surprisingly, zinc which did not respond to
2,4-D spraying was very prone to the MCPA addition. Cadmium and
manganese decreased their level in shoots upon both herbicide
treatments. Similar effect was observed for lead but required the
higher rate of MCPA. Cobalt behaved in a less predictable way,
decreasing or increasing their concentrations upon 2,4-D or the
MCPA applications, respectively.4. Discussion
Studies on metal ions interactions with pesticides are often
focused on soil environment only (Dewey et al., 2012; Filipe et al.,
2013; Manea et al., 2015; Tariq et al., 2016). Works extending this
approach to aerial plant tissues are quite scarce indeed (Mills et al.,
2006). To our knowledge, this study is based on the most
comprehensive assessment on impact of phenoxyacetic acids onheavy metal accumulation in crop plants. Analysis of variance
proved the hypothesis that herbicide treatment of wheat frequently
inﬂuences the metal transfer from soil and their concentration in
roots and shoots. Herbicides may affect either metals uptake from
the soil environment or their further migration within the plant
body (Kobyłecka and Skiba, 2008). The former may be conveniently
examined by TC (Figs. 1 and 2) while the latter is usually described
by TF (Figs. 3 and 4). Additionally, transport of metals from soil to
above ground parts of plant may be assessed by BAF (Figs. S1 and
S2).
Transfer coefﬁcients calculated for wheat plants cultivated in
the reference, untreated mineral sandy loam soil 1 are in the order
Zn > Ni > Cd > Cu > Co > Pb >Mn. Treatment with lower herbicide
rates (2 kg ha1) interchanges that order for nickel and cadmium in
the series while further increase of 2,4-D and MCPA doses
(4 kg ha1) brings the former arrangement back. Nevertheless,
higher herbicide rates signiﬁcantly increase the TC values for all
metals investigated when compared to the reference soil sample. In
particular, these results are in good agreement with the common
view, that Zn in soluble forms as well as ZnO nanoparticles are
readily available to wheat plants, and zinc uptake is dependent on
the metal concentration in soil (Kabata-Pendias, 2011; Rao and
E. Skiba et al. / Environmental Pollution 220 (2017) 882e890888Shekhawat, 2014; Watson et al., 2015).
All TC's computed for plants cultivated in mineral-humus soil 2
are signiﬁcantly lower than respective values as found in soil 1.
Coefﬁcients for the untreated reference cultivation are in the series
Zn> Cd>Ni > Cu> Pb> Co >Mn. Treatment with the higher rate of
2,4-D interchanges that order for zinc and cadmium only. In those
conditions, the latter becomes element mostly prone to transfer
from soil to the plant roots.
More complex situation is observed for the MCPA treatments.
Either lower or higher rates inﬂuence TCs signiﬁcantly in a similar
way resulting in the series Zn > Cd > Cu > Ni > Co > Pb > Mn.
Similarly as in soil 1, higher herbicide rates increase the TC values
when compared to the reference soil sample. Migration of metals in
the plant body may be conveniently examined with the trans-
location factors. In soil 1 these coefﬁcients decrease in relation to
the reference sample upon the herbicide treatment. Exceptions are
observed for cobalt and nickel only. Translocation factors are in the
order Mn > Cu > Zn > Cd > Ni > Co. In soil 2 the largest TF decrease
is observed for lead at any dose of either 2,4-D or MCPA treatments.
In particular, higher pesticide rates signiﬁcantly decrease TF
values for all investigated metals except for manganese which
translocation is surprisingly growing upon the 2,4-D addition. In
either the soil or the plant cell environment manganese can exist in
a number of chemical forms, namely Mnþ2 ions, insoluble man-
ganese oxides and soluble anionic or nanosized species (Fan et al.,
2014; Wang et al., 2014). The former are readily available to plants
and the most prone to migration within the plant body. In acidic
conditions additionally characterized by high redox potential
(Kogelmann and Sharpe, 2006), manganese oxides are easily
reduced to Mnþ2 ions which are further available to plants
(Adriano, 2001; Watmough et al., 2007). At pH above 8.0 chemical
Mnþ2 auto oxidation may initially lead to the formation of MnO2,
Mn2O3, Mn3O4, or evenMn2O7, which are insoluble and not directly
accessible to plants. However, in these alkaline conditions those
oxides readily convert to solublemanganese oxide acids salts which
are responsible for increased Mn bioavailability and toxicity.
Further pH increase above 9.0 prompts creation of Mn nano-
particles which can also facilitate metal uptake andmigration (Svec
et al., 2016). Nevertheless, soils used in this study are acidic and
formation of higher Mn soluble forms are unlikely. Therefore, the
stronger of investigated acids i.e. 2-4-D (pKa ¼ 2.87) (Paszko et al.,
2016) as compared to MCPA (pKa ¼ 3.73) (Paszko et al., 2016) in-
ﬂuences manganese mobility to a larger extent. Additionally, Mn
migration may involve superoxide dismutase (SOD) which neu-
tralizes oxygen reactive species (ROS) produced under the
herbicide-induced stress. Conserved Mn is an important cofactor
which secures the enzyme activity (Whittaker, 2010).
Interestingly, the variation of copper content in shoots is quite
limited across all samples and indicates the lowest herbicide and
soil type dependence of this element. The widely recognized low
mobility of Cu in the plant is usually explained by its high afﬁnity to
the apoplastic sites in roots (Sgherri et al., 2007; Gajewska and
Skłodowska, 2010; Meyhik et al., 2016).
Lead uptake is limited to plant roots only. It is a toxic element
which transport is hampered by immobilization within cell walls,
precipitation of insoluble lead salts in intercellular spaces, accu-
mulation in plasma membranes or sequestration in the vacuoles of
rhizodermal and cortical cells (Krzesłowska et al., 2016; Pourrut
et al., 2011). Further lead migration to aerial parts of the plant is
limited by the endoderm barrier (Sharma and Dubey, 2005).
5. Conclusions
Metals determined in wheat originated from soil environment
through the root uptake. They are mobilized in rhizosphere byvariety of mechanisms involving microorganisms. Bacteria can
modify soil pH, produce siderophores, organic acids and bio-
surfactants, stimulate redox reactions and directly adsorb metals or
ions. The structures of myccorhizae increase plant tolerance to
metals by the secretion of organic acids (i.e. malic and citric acids)
involved in metal uptake and their further transport from roots to
shoots. They also immobilize and precipitate metal ions in the
fungal cell walls (Compant et al., 2010; DalCorso et al., 2013; Ma
et al., 2016).
Mechanism related to stress induced by high herbicide rates
may be responsible for reduced heavy metals migration in wheat
plant tissues (Duke et al., 2012; Rutherford and Krieger-Liszkay,
2001). Strong oxidative stress inhibits plant metabolism, hinders
metal transport from roots (Demidchik, 2015; Jiang et al., 2016;
Lukatkin et al., 2013; Song et al., 2007) and ﬁnally results in a
reduced metal accumulation in shoots as indicated by the low TF
values. The excess of metals is immobilized in cell walls or vacuoles
(Anjum et al., 2015; Ali et al., 2013; Pinto et al., 2014). This effect is
the best visible for cadmium which is a non-essential, toxic metal
for plants (Choppala et al., 2014; Solti et al., 2011). It is easily taken
from the soil by the roots but then Cd intensiﬁes stress already
introduced by herbicides and inhibits further metal migration to
the upper part of a plant. Uptake of metals may be also inﬂuenced
by the formation of sparingly water-soluble metal-herbicide com-
plexes (Selim et al., 2006; Kobyłecka and Skiba, 2008). Its intensity
would then depend on the solubility of particular chemical entity
with the low solvable Pb, Cu and Cd complexes being the least
mobile. Additionally, acidiﬁcation of rhizosphere by organic acids
exudated by plant roots under the herbicide stress and resulting
soil metal mobilization cannot be completely ruled out. This pro-
cess has been widely recognized and described for metal stressors
(Schwab et al., 2008; Zeng et al., 2008). However, herbicide
stressors need to be further investigated.Wheat is a principal cereal
cultivated worldwide on soils with diverse heavy metal concen-
trations. Its plantations are usually protected by plethora of agro-
chemicals of which synthetic auxins are among the most
important. Therefore understanding how herbicides inﬂuence
metal uptake from soil may be of practical value for proper plan-
ning of the chemical crop protection.
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